ABSTRACT: This experimental research aimed at evaluating the accuracy of enamel demineralization detection using conventional, digital, and digitized radiographs, as well as to compare radiographs and logarithmically contrast-enhanced subtraction images. Enamel subsurface demineralization was induced on one of the approximal surfaces of 49 sound third molars. Standardized radiographs of the teeth were taken prior to and after the demineralization phase with three digital systems -CygnusRay MPS  , DenOptix  and DIGORA  -and InSight  film. Three radiologists interpreted the pairs of conventional, digital, and digitized radiographs in two different occasions. Logarithmically contrast-enhanced subtraction images were examined by a fourth radiologist only once. Radiographic diagnosis was validated by cross-sectional microhardness profiling in the test areas of the approximal surfaces. Accuracy was estimated by Receiver Operating Characteristic (ROC) analysis. Chi-square test, at a significance level of 5%, was used to compare the areas under the ROC curves (A z ) calculated for the different imaging modalities. Concerning the radiographs, the DenOptix  system (A z = 0.91) and conventional radiographs (A z = 0.90) presented the highest accuracy values compared with the other three radiographic modalities. However, logarithmically contrast-enhanced subtraction images (A z = 0.98) were significantly more accurate than conventional, digital, and digitized radiographs (p = 0.0000). It can be concluded that the DenOptix  system and conventional radiographs provide better performance for diagnosing enamel subsurface demineralization. Logarithmic subtraction significantly improves radiographic detection. DESCRIPTORS: Dental enamel; Demineralization; Radiography; Diagnosis.
INTRODUCTION
Even with the benefit of radiographs, it is recognized that the diagnosis of approximal enamel caries lesions is an inherently difficult task, since demineralization in excess of 40% must occur for the radiographic detection to be possible 12 . This limitation of radiographic detection encourages studies that compare the diagnostic accuracy of different imaging systems and the search for improved image processing techniques 18 . Currently, there are several commercially available digital radiographic systems as alternatives to conventional radiography. At the same time, one of the most commonly used digital processing techniques involves the subtraction of one image from another 3 . Two digital or digitized radiographs are taken over a period of time and the resultant matrices of numbers, with pixel values varying from zero to 255, are mathematically subtracted from each other 3, 5, 13, 17 . Thus, the purpose of the present investigation was to evaluate the diagnostic accuracy of conventional, digital, and digitized radiographs for detecting approximal enamel caries-like lesions. In addition, radiography was compared with logarithmic subtraction in the diagnosis of enamel subsurface demineralization. The null hypothesis stated no differences in performance between the studied imaging modalities.
MATERIALS AND METHODS
This experimental research is in agreement with Resolution 196/96 from the National Committee of Health/Health Department (Brazil).
Experimental design
Forty-nine caries-free human third molars were randomly collected and two amalgam restorations were made on the lingual surface of each tooth to be used as reference points during the alignment of successive radiographs. The crowns were covered with acid-resistant varnish, except for a circular window of about 7 mm 2 on one of the approximal surfaces. The experimental teeth were kept individually immersed in demineralizing solution at 37°C for 120 days 1, 5 . Standardized radiographs of the teeth were taken prior to and after the demineralization period. A 2.5 cm thick acrylic plate was positioned in front of the teeth to simulate the soft tissues. The teeth were radiographed using a GE 1000  X-ray The DenOptix  plates were scanned at a resolution of 300 dpi. Films were processed in a dark room under a red safelight (GBX II; Eastman Kodak Co.) using fresh Readymatic  processing solutions (Eastman Kodak Co.) in an automatic processor (GXP  ; Dentsply International/Gendex  Dental Xray Division). Conventional radiographs were digitized by means of a laser scanner (ScanJet 4C/T  ; Hewlett Packard Co., Greeley, USA) and processed using the Adobe Photoshop  5.0 software (Adobe Systems Incorporated, San Jose, USA) in gray scale mode with a resolution of 300 dpi and stored as 8-bit TIFF images.
Direct and indirect digital subtraction techniques were performed using the EMAGO  /Advanced 3.43 software (Oral Diagnostic Systems, Amsterdam, The Netherlands). After gamma correction and any necessary reconstructions, the "logarithmic subtraction" command generated the subtraction images. Reconstruction involves the production of a final radiograph according to the exposure geometry of the reference radiograph. This procedure was necessary because, although an acrylic device enabled the acquisition of standardized radiographs, there were some pairs of radiographs with geometric discrepancy.
Radiographic interpretation
A panel of three oral and maxillofacial radiologists independently examined the pairs of conventional, digital, and digitized radiographs. Following a calibration session, the observers were instructed to compare the reference and the final radiographs and score the approximal surfaces in the final radiograph using a five-point confidence rating scale:
1. enamel subsurface demineralization definitely absent;
2. enamel subsurface demineralization probably absent; 3. unsure if enamel subsurface demineralization is present or absent; 4. enamel subsurface demineralization probably present; 5. enamel subsurface demineralization definitely present. Digital and digitized radiographs were presented in random order on an SVGA 15-inch monitor screen. Only one pair of radiographs was displayed at a time and all viewing was performed under uniform subdued lighting in a quiet, secluded room. The analog brightness and contrast controls on the monitor were kept constant during the assessments. Digital and digitized radiographs were imported into the EMAGO  /Advanced 3.43 program and the observers were asked to use the software's brightness and contrast commands to manipulate image characteristics intuitively to better extract the signal of interest, as well as to apply the EMAGO  /Advanced 3.43 software tool named "zoom 1:1". This tool enables the observer to view the images at a two-times magnification.
Conventional radiographs, mounted in pairs, were examined using a viewing box with constant light intensity and a two-times magnification Xviewer, Viewscope  (Flow X-ray Corp., West Hempstead, USA). The interpretations of the conventional radiographs were performed under uniform subdued lighting in the same quiet, secluded room.
All 490 scorings (98 approximal surfaces, five radiographic modalities -conventional, digitized, and digital radiographs acquired with CygnusRay MPS  , DenOptix  and DIGORA  ) were performed twice by each observer. A period of at least two weeks was allowed to elapse between the first and second interpretation sessions. A fourth oral and maxillofacial radiologist assessed a total of 196 logarithmically contrast-enhanced subtraction images (49 teeth, four radiographic modalities -digitized and digital radiographs acquired with CygnusRay MPS  , DenOptix  and DIGORA  ) according to the conditions described above. The subtraction images were examined only once.
Validation
For the validation of the true absence or presence of approximal enamel subsurface demineralization and to measure the depth of demineralization, the enamel test areas were submitted to cross-sectional microhardness profiling 1 . One independent, calibrated and well-trained operator carried out the microhardness measurements.
Statistical analysis
Receiver Operating Characteristic (ROC) analysis was used to assess the observers' performance in detecting approximal enamel subsurface demineralization with conventional, digital, and digitized radiographs. Using the STATA  7.0 package (StataCorp LP, College Station, USA), ROC curves were generated for each combination of observer (3), modality (5) and interpretation session (2) . For the subtraction images, the scorings were classified into a so-called decision matrix and also treated according to the ROC method.
The areas under the ROC curves, designated as A z , represent the efficiency of the diagnostic method and were used as indices of accuracy. Differences between the A z values were tested using the chi-square test. The level of significance was set at p = 0.05. Table 1 shows the performance of observers using conventional, digital, and digitized radiographs for detecting approximal demineralization limited to the enamel layer. Chi-square statistics indicated significant differences among the five radiographic modalities. Consequently, pair-wise comparisons were carried out between them.
RESULTS
There were statistically significant differences between the radiographs acquired with CygnusRay No significant differences were found in the other pair-wise comparisons.
In Figure 1 , pairs of digital and digitized radiographs are shown. The final radiographs depicted the changes in radiographic density within the approximal enamel layer on the right side, in a tooth that remained immersed in demineralizing solution for a period of 120 days. No significant differences were found between logarithmically contrast-enhanced subtraction images produced with digital and digitized radiographs [Chi2(3) = 3.17, p = 0.3657]. For a comparison of the six studied imaging modalities, data obtained for all subtraction images were pooled and submitted to ROC analysis and chi-square test. The resultant A z value for logarithmic subtraction was significantly higher in relation to conventional, digital, and digitized radiography. Tables 2 and  3 illustrate the comparisons between logarithmic subtraction and the radiographic modalities with the highest A z values -DenOptix  and conventional radiography, respectively. Figure 2 shows logarithmically contrast-enhanced subtraction images produced with the pairs of radiographs presented in Figure 1 . These images clearly reveal density decrease on the right approximal surface of the tooth.
Microscopic examination of the experimental teeth showed that the approximal enamel outer surfaces in the test areas were not disrupted. The minimum estimated demineralization depth was around 230 µm, and the maximum estimated demineralization depth was beyond 410 µm inward the enamel layer. The degree of mineral loss was not uniform in the total sample of teeth, as subsurface demineralization is related to individual characteristics of the teeth, such as the fluoride content and the amount of carbonated hydroxyapatite of the substrate enamel in the test area 2 .
DISCUSSION
Considering that radiography is the most feasible method for detecting approximal caries lesions and the clinical use of digital subtraction is limited by the reproducibility of exposure geometry 3, 5, 17 , it would be justifiable to compare the diagnostic accuracy of radiographs acquired with different image receptors. In this in vitro study, logarithmic subtraction was used as an alternative technique for comparison.
In terms of the diagnostic accuracy for approximal enamel subsurface demineralization detection, no significant differences between the storage phosphor systems and conventional radiography were demonstrated. Our findings are in accordance with the results of previous studies, in which the DIGORA  system was compared with film 7-9,14,15 . Since there was no significant difference between DenOptix  and DIGORA  , it may be suggested that both storage phosphor systems perform similarly. Hintze et al. 6 (2002) also reported no significant difference in accuracy between DenOptix  and DI-GORA  , but only when an increased exposure time was used, i.e. 25% of that selected for Ektaspeed Plus  film. It should be noted that, in the present study, the exposure selected for the two pho- 16 (1995) also did not find statistically significant differences as far as the diagnostic performance is concerned. However, Price, Ergül 11 (1997) reported that the CCD-based system was significantly inferior to film.
Regarding the comparisons between CCDbased and storage phosphor systems, the radiographic images acquired with DenOptix  provided a significantly better diagnostic accuracy than the CygnusRay MPS  images. Thus, it can be suggested that storage phosphor systems may be at least comparable, or even superior, to CCD-based systems for detecting incipient approximal caries lesions.
Theoretically, for digital images, the resolution power is a function of pixel size, and the small pixel size of CCD-based radiographic images should result in better image quality, as it has already been discussed by other authors 8, 14 . It is also known that, as the pixel size decreases, the noise level relative to the signal increases 14 . A combination of a wide exposure range and sufficient pixel size may have accounted for the favorable diagnostic performance obtained with the storage phosphor systems in this study. Presumably, noise and spatial resolution were balanced.
The smallest area under the ROC curves corresponded to the diagnostic performance with digitized radiographs. Not surprisingly, digitized radiography was significantly inferior compared with conventional radiography 3, 10 . The demands for radiographic image sharpness are greater during the diagnosis of enamel subsurface demineralization, which in turn highlight the differences between conventional and digitized radiographs. Besides, the process of digitization has been demonstrated to add physical noise to the radiographic image 8, 17 . Noise is an important factor when determining image quality, and it may have an impact on the conspicuousness of small caries lesions 6 . Logarithmically contrast-enhanced subtraction images performed consistently better than radiographs whatever the imaging modality used. In spite of the low A z values calculated for the CygnusRay MPS  and digitized radiographs, digital subtraction improved the diagnostic accuracy with radiographic images in which the noise level was high. Employing digital subtraction, all four imaging modalities studied -digitized radiography, CygnusRay MPS  , DenOptix  , and DIGORA  -performed equally. In contrast, significant differences between logarithmically contrast-enhanced subtraction images and conventional, digital and digitized radiographs were found. The A z values calculated for the radiographs did not exceed 0.91, while those obtained with subtraction images ranged from 0.98 to 0.99. Our findings support the better accuracy of subtraction images for diagnosing subtle enamel demineralization.
CONCLUSION
It was possible to discriminate two radiographic modalities for detecting enamel demineralization. Digital images acquired with DenOptix  system represent the advances in the development of photostimulable phosphor plates and may be indicated as an alternative to conventional radiographs. On the other hand, radiographs taken with InSight  film are less expensive with no detriment to diagnostic accuracy. Finally, digital subtraction may show great promise in improving radiographic diagnosis of approximal enamel caries lesions.
